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Topological magnetic excitations called skyrmions exhibit striking spin configurations with de-
terministic chirality stabilized by the Dzyaloshinskii-Moriya interaction (DMI). These objects come
in many forms depending on the symmetry and dimensionality of the system under consideration.
Here, for the first time, we experimentally observe a new topological excitation called a magnetic do-
main wall (DW) skyrmion using Lorentz transmission electron microscopy (LTEM). LTEM contrast
matches images simulated from micromagnetic calculations and their expected pinning behavior is
observed through in situ application of a perpendicular magnetic field. Calculations of the energy
barrier to DW skyrmion annihilation using the micromagnetic geodesic nudged elastic band (GNEB)
model support this observed metastability of DW skyrmions at room temperature.
Magnetic skyrmions have attracted a great deal of
attention in recent years from a combination of topo-
logical protection, which offers improvement to ther-
mal stability, and their susceptibility to manipulation
by spin-orbit torques (e.g. Dzyaloshinskii-Moriya inter-
action (DMI) and the spin Hall effect), making them
of great interest for future spintronic applications in-
cluding neuromorphic computing[1–4]. Various forms
of skyrmions have been predicted and observed in two-
dimensional systems including Bloch[5, 6] , Ne´el[7–9] ,
and anti-skyrmions[10, 11]. Reducing the size of these
skyrmions remains a critical challenge and, although re-
cent works have shown diameters as small as 10 nm,
it is difficult to control distributions of 2D skyrmions
at this lengthscale[12–14]. In this work we examine a
markedly different topological spin texture called a mag-
netic domain wall (DW) skyrmion where the size is gov-
erned exclusively by exchange lengths both parallel and
perpendicular to a magnetic domain wall. The DW
skyrmions examined experimentally in this work, and
described theoretically in prior work[15], are 2-pi rota-
tions of the internal magnetization of a Dzyaloshinskii
domain wall (Fig. 1d)). This kind of feature is anal-
ogous to vertical Bloch lines (VBLs) (Fig. 1a,b)) which
were once considered for universal computer memory[16],
but waned in part because they were too large and dif-
ficult to control. The presence of a significant interfacial
DMI greatly changes the energetics of DW excitations
in the same way it did for magnetic bubble domains
with respect to 2-D skyrmions; simply increasing DMI
strength can decrease the size of a DW skyrmion to as
small as 10 nm[15]. Moreover, DW skyrmions are con-
fined to move within a magnetic DW and are, therefore,
not subject to edge pinning (like a conventional DW)
and are not able to drift in unwanted directions as with
2D skyrmions (via the skyrmion Hall effect). Both DW
skyrmions and 2-D skyrmions can be minimally defined
as having an integer topological charge as calculated from
4piQ =
∫
dxdym · (∂xm× ∂ym), where m is the unit
magnetization vector. A DW skyrmion has a topologi-
cal charge of Q = ±1 whereas a VBL has a charge of
Q = ±1/2. In the case of a 2-pi VBL, the topological
charge is equivalent to that of a DW skyrmion. Annihila-
tion of a DW skyrmion yields a chiral Ne´el DW (Fig. 1c),
Q = 0), also referred to as a Dzyaloshinskii DW.
Despite their topological charge (and expected thermal
stability), the experimental observation of DW skyrmions
has remained elusive. This is likely due to a small win-
dow of DMI strength and film thickness where they can
be stabilized. We leverage a highly tunable asymmetric
multi-layer system based on (Pt/[Co/Ni]M/Ir)N where a
reduction in ‘M ’ leads to a greater interfacial DMI from
the Pt/Co and Ni/Ir interfaces and ‘N ’ modulates the to-
tal film thickness to identify the optimal conditions where
DW skyrmions exist[9, 17, 18]. Multi-layers of [Pt(0.5
nm)/(Co(0.2 nm)/Ni(0.8 nm))M/Ir(0.5 nm)]N were pre-
pared via rf (Ta layers) and dc (Pt, Co, Ni, Ir layers)
magnetron sputtering on Si substrates and 10 nm thick
amorphous Si3N4 TEM membranes (Norcada) in an Ar
atmosphere fixed at 2.5 × 10−3 Torr. All samples had a
Ta(3 nm)/Pt(3nm) seed/adhesion layer and were capped
with Ta(3 nm). Base pressure was maintained at less
than 3× 10−7 Torr. Magnetic properties were examined
using alternating gradient field magnetometry (AGFM)
and vibrating sample magnetometry (VSM)[19]. These
films were imaged using Lorentz transmission electron
microscopy (LTEM) using an aberration-corrected FEI
Titan G2 80-300 at an accelerating voltage of 300 kV
in Lorentz mode (objective lens off). LTEM employs
the inherent in-plane magnetic induction of the sample
to deflect the electron beam and form magnetic contrast.
We have performed a systematic examination of 15 differ-
ent iterations of this multi-layer system and qualitatively
formulated a magnetic phase diagram (Fig. 1e)) that is
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FIG. 1: Schematics depicting the internal magnetization of
a a) 1-pi vertical Bloch line, b) 2-pi vertical Bloch line, c)
chiral Ne´el domain wall, and d) domain wall skyrmion. e)
Predicted phase diagram depicting conditions where the
aforementioned magnetic textures can be expected to be
observed with respect to DMI strength and film thickness.
Stars and circles demark Pt/Co/Ni/Ir samples that have
been examined. Fresnel mode Lorentz TEM micrographs of
[Pt/(Co/Ni)M/Ir]N samples demarked with circles in the
phase diagram are depicted in f) (M=100, N=1), g)
(M=10, N=1), and h) (M=2, N=20).
divided into four distinct regimes: I. 1-pi VBLs, II. n-pi
VBLs, III. chiral Ne´el DWs, and IV. DW skyrmions. In
regions I and II, the DMI strength is negligible (D < Dc)
and, as such, VBL physics dominates these regimes. In
region II, samples examined were relatively thin and dis-
played a large number of VBL pile-ups, referred to as n-
pi VBLs, as seen in a representative Lorentz micrograph
of a M = 10, N = 1 sample (Fig. 1g)). However, the
density of VBLs diminishes greatly when film thickness
is increased as seen with samples in region I (Fig. 1f)).
This is due to the formation of hybrid DWs, which are
characterized by a twisting of the internal magnetiza-
tion through the thickness of a film. This forms due to
a competition between interlayer magnetostatic interac-
tions and DMI leading to a flux-closure configuration of
the DW[20, 21]. Such a configuration provides a zero en-
ergy path to annihilation for 2-pi VBLs, which are topo-
logically equivalent to a DW skyrmion (although much
larger). Towards the ultra-thin regime, the occurrence
of hybrid DWs diminishes contributing to the increased
density of n-pi VBLs observed. When DMI strength is in-
creased above the critical value, chiral Ne´el DWs (called
Dzyaloshinskii DWs) form preferentially over Bloch DWs
(regions III and IV). In region III (with large thickness
and DMI), we find only Dzyaloshinskii DWs with no in-
ternal DW excitations, which we attribute to the exis-
tence of hybrid DWs as with region I (Fig. 1h)). Finally,
for the case of low thickness and high DMI (region IV), we
find multiple instances of LTEM contrast marked by dis-
tinct dipole-like contrast along chiral Ne´el DWs (Fig. 2a).
This observation matches simulated Fresnel-mode LTEM
images calculated from the micromagnetic profile of a
DW skyrmion (Fig. 2b,c). Moreover, these features were
not observed in any other film examined excluding the
possibility that the observed contrast originates from mi-
crostructural defects. We note that a significantly large
DMI strength (even in the low thickness case) would also
prevent the formation of such hybrid DWs[20], but would
also suppress the formation of DW skyrmions as previ-
ously suggested and discussed later[15].
In addition to the observed Fresnel-mode contrast, we
provide further evidence for DW skyrmions based on
their impact on DW motion. It has been well established
that variations in the internal magnetization of any DW
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FIG. 2: a) Fresnel mode Lorentz TEM micrograph of
domain wall skyrmions in a [Pt/(Co/Ni)3/Ir]2 sample. b)
Magnetic profile and b) simulated Fresnel mode Lorentz
TEM micrograph of domain wall skyrmion.
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FIG. 3: a-d) Fresnel mode LTEM images of a [Pt/(Co/Ni)3/Ir]2 multi-layer illustrating a DW skyrmion pinning DW motion
in the presence of an increasingly larger perpendicular magnetic field applied in situ. A sample tilt of 15◦ is present in each
image.
lead to a pinning effect due, in part, to a local increase
in the DW energy[22, 23]. This can be considered in
the context of creep motion of DW’s where the veloc-
ity depends exponentially on the elastic energy of the
wall[24]. Fig. 3 shows the evolution of the domain pat-
tern of Fig. 2a in response to an increasing perpendicular
magnetic field applied in situ by exciting the objective
lens of the microscope. It is clear that the associated
magnetic contrast identified as DW skyrmions does not
move with the rest of the DW, but rather remains pinned
as the wall bows around them. In subsequent images,
the DW skyrmion annihilates simultaneously with the
rapid recovery of the wall from its pinned position. We
note the absence of any contrast at the site where the
DW skyrmion previously existed excluding the possibil-
ity that the contrast originated from a microstructural
defect in the specimen (e.g., voids), further solidifying
the magnetic origin of the contrast observed.
In order to utilize these newfound DW skyrmions
for possible spintronic applications, an understanding of
their stability is necessary as thermal fluctuations can
lead to their annihilation. Prior analytical examination
of DW skyrmions was performed with T = 0 K[15]. To
provide a realistic estimate of a DW skyrmion’s thermal
stability an analysis performed at room temperature is
necessary. Here, we have employed a geodesic nudged
elastic band (GNEB) method[25] in combination with a
climbing image method[26] implemented in the micro-
magnetic code M3, a MATLAB code based on finite-
differences[27]. The GNEB we use builds on the nudged
elastic band model (NEB) but takes the constraint into
account that the saturation magnetization of each cell in
the simulation volume remains constant. For N magnetic
moments this method results in an unconstrained opti-
mization within a 2N dimensional Riemannian manifold,
as is discussed in detail in reference [25]. For the evalua-
tion of the geodesic distance between two images we use
Vincenty’s formula [28]. In order to converge the images
to the nearest minimum energy path we use a steepest
descent method [29] with a Barzilai-Borwein step length
selection method [30]. To determine their stability one
has to find the activation barrier which separates the
skyrmion state from lower energy states. In the case
of conventional skyrmions this would be the skyrmion
state and the simple ferromagnetic state. For the case of
a DW skyrmion the corresponding lower energy state is
a skyrmion-free domain wall. Since thermally activated
magnetic transitions are rare events, dynamical simula-
tions using a stochastic Landau-Lifshitz-Gilbert equation
are not practical. Therefore the GNEB method is used to
find the minimum energy path for the transition, which
has been successfully applied to study the annihilation
of conventional magnetic skyrmions[31, 32]. To stabilize
the DW skyrmion we consider an ultra-thin ferromag-
netic film (2nm) with an interfacial DMI interaction and
a uniaxial perpendicular anisotropy[15]. The symmetric
exchange and the dipole-dipole interaction are included
in the micromagnetic simulations. The lateral resolu-
tion in the micromagnetic simulations is 0.5 nm. To
calculate the minimum energy path between those two
states, 30 images were created to represent the transition
path between the two fixed endpoint images. Fig. 4b)
shows the domain wall with a DW skyrmion, and Fig. 4c)
shows the domain wall after the annihilation of the DW
skyrmion. The transition between these states occurs
through a sharp narrowing of the DW skyrmion before
the center spin flips direction concurrent with a change
in the topological charge. Most notably, even for the ul-
trathin film considered here, the energy barrier to anni-
hilation is > 60kBT for D < 1.0 mJ/m
2 at room temper-
ature. This energy barrier is directly rooted in the sym-
metric exchange (i.e., the exchange stiffness) as with 2D
skyrmions. In the thin film approximation (i.e., uniform
magnetization through the thickness), this value should
scale linearly with thickness. However, as noted previ-
ously, it is expected that thicker samples would eventu-
ally form a hybrid DW structure where DW skyrmions
cannot exist.
In summary, we demonstrate the first experimental
observation of DW skyrmions in magnetic thin films
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FIG. 4: a) Energy contributions as a function of the image distance between the DW skyrmion solution and the domain wall
without a skyrmion.Micromagnetic outputs of a Dzyaloshinskii domain wall b) with (at image distance = 0) and c) without
(image distance = 20) a domain wall skyrmion. d) Results from Nudged Elastic Band calculations of creation and
annihilation barriers for a domain wall skyrmion as a function of DMI strength.
that have sufficient DMI to stabilize Dzyaloshinskii DWs
and are thin enough to suppress the formation of a
hybrid DW. This conclusion is based on i) Fresnel-mode
Lorentz TEM contrast that matches the simulated
Fresnel-mode images calculated from micromagnetics,
ii) the observation of a distinct pinning effect from the
purported DW skyrmion, and iii) the GNEB calculations
that predict metastable DW skyrmions over a range
of material parameters including those matching the
films studied experimentally. We expect that any film
with comparable properties (particularly, thickness and
interfacial DMI strength) should exhibit metastable
DW skyrmions. We are hopeful this discovery will
spark further investigation into the properties and
potential application of DW skyrmions and other 1-D
excitations for applications related to nanomagnonics
and the broader use of domain walls as conduits for spin
waves[1–4].
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